Analysis of the bacteriochlorin a absorption spectra suggests the existence of a monomer^dimer equilibrium, particularly intense in phosphate buffer and favored by a decrease of the pH. The dye in methanolic solution is predominantly in monomeric form. Fluorescence and electron spin resonance nitroxide spin labeling measurements indicate that incorporation into the lipid phase of dimyristoyl-L-K-phosphatidylcholine liposomes induces dye monomerization. Moreover, the molecules are bound in the external surface of the vesicles and a complete incorporation is ensured by a lipid-to-dye ratio greater than 125. ß
Introduction
Bacteriochlorin a (BCA) is attracting considerable attention in view of its potential use in light-induced process as photodynamic therapy (PDT) which is an innovative modality for the treatment of small and super¢cial tumors [1] . Indeed, particular attention is devoted to sensitizers presenting a tumor cell preferential retention and absorbing above 600 nm. In this spectral region, endogenous tissular components are transparent to the incident radiation, minimizing the risk of photodamage at the level of cells or tissues not containing the photosensitizers. Moreover, under light irradiation, these dyes must produce active oxygen species able to react with the surrounding biological components inducing lethal damage. BCA answers completely to these preliminary requirements [2, 3] . In vivo, upon illumination, BCA induces tumor necrosis through vascular and direct cellular e¡ects [3, 4] . At the dosages used to induced photodynamic e¡ects, no adverse e¡ects of BCA are observed in mice, rats and rabbits [3^8] . Moreover, it has been shown that BCA-PDT is able to induce non-speci¢c systemic immune suppression [9] . 0005 -2736 / 99 / $^see front matter ß 1999 Elsevier Science B.V. All rights reserved. PII: S 0 0 0 5 -2 7 3 6 ( 9 9 ) 0 0 0 9 7 -8 Abbreviations: BCA, bacteriochlorin a; PDT, photodynamic therapy; DMPC, dimyristoyl-L-K-phosphatidylcholine; ESR, electron spin resonance; CTPO, 3-carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin-1-yloxy (carbamoyl); 5-DSA, 2-(3-carboxypropyl)-4,4-dimethyl-2-tridecyl-3-oxazolidinyloxy ; 12-DSA, 2-(10-carboxydecyl)-2-hexyl-4,4-dimethyl-3-oxazolidinyloxy ; 16-DSA, 2-(14-carboxytetradecyl)-2-ethyl-4,4-dimethyl-3-oxazolidinyloxy ; n-DSA, stearic acid spin probe; O, extinction coe¤cient; C d , dimer concentration; C m , monomer concentration; K d , dimerization constant; O m , monomer molar extinction coe¤cient; O d , dimer molar extinction coe¤cient * Corresponding author. Fax: +32-43-662813.
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Our previous results concerning the BCA photodynamic activity are consistent with a mixed Type 1/ Type 2 reaction process [2] . However, it is very complicated to draw conclusions on the exact mechanism which induces tumor necrosis, since during PDT, the reaction pathway strongly depends on the oxygenation within the tumor [10, 11] , the singlet oxygen ( 1 O 2 ) lifetime [12, 13] in a particular environment and the stability of generated radicals [14] . Type 1 reaction processes are expected to be favored in polar media while, in contrast, Type 2 mechanisms predominate in hydrophobic environments [14, 15] . So, the antitumoral activity of a sensitizer appears to be mainly governed by its solubilization inside or outside the membrane. Its primary localization in biomolecules strongly depends on its lipophilic or hydrophobic character.
In support of the considerations given above, we report in the present paper absorption and £uores-cence experiments on the incorporation of BCA into liposomes of dimyristoyl-L-K-phosphatidylcholine (DMPC). Liposomes are simpli¢ed and suitable model systems allowing the study of BCA partition between the lipid bilayers and the aqueous phase [16] . Because the photosensitizing e¤ciency of certain dyes, like protoporphyrin or hypericin, are strongly in£uenced by the chemicophysical conditions of the surrounding medium and by the aggregation state of the molecule [17, 18] , we studied the solution behavior of BCA ¢rst in a homogeneous solvent before dealing with heterogeneous systems. Although the dye is aggregated in aqueous solutions and in methanol at high concentration, our experimental results were in favor of an incorporation of BCA as monomers into the hydrophobic bilayer of small unilamellar vesicles. The absorption and £uorescence spectra characteristic of the monomeric and dimeric forms were studied over a wide range of concentrations and the values of the dimeric equilibrium constants were estimated. The V max of the dye's visible spectrum was in£uenced by changes in solvent polarity or pH. Combining £uorescence and an electron spin resonance (ESR) studies, the dye-to-lipids concentration ratio range was determined in which the BCA suspension can be considered to be completely bound to liposomes. Moreover, the distribution properties of BCA inside the liposome suspension was studied using a spin label occupying the aqueous phase and a series of doxyl stearic acids with the nitroxyl radical at di¡erent depths in the lipid membrane. The kinetics of reduction indicate that BCA is preferentially located in the polar aprotic zone close to the lipidŵ ater interface.
Materials and methods

Chemicals
Bacteriochlorophyll a was purchased from Sigma or extracted from the anaerobic photosynthetic bacterium Rhodospirillum rubrum. Purity of the extracted bacteriochlorophyll a was evaluated using thin-layer chromatography (TLC). Using an eluent of 93% methanol and 7% phosphate bu¡er (pH 7, 10 mM), the bacteriochlorophyll a yielded a single blue spot on Machery^Nagel Nano^Sil C 18^1 00 TLC plates (Du « ren, Germany). From this starting material, the photosensitizer bacteriochlorin a was obtained by saponi¢cation and acid hydrolysis of bacteriochlorophyll a as described previously [3] . BCA was stored under nitrogen in the dark at 320³C until use.
HPLC measurements (Fig. 1) were performed using a Microsphere C18 (3 Wm) column with, as the mobile phase, 680 ml of acetonitrile and 320 ml of a solution containing acetic acid (0.5 M) and aqueous ammonia (10%). The solvent was at pH 4 and 30³C. The detector was set at 360 nm. Experiments were carried out with 0.8 ml/min £ow rate, 0.05 AUFS sensitivity, 40 min run time and 20 Wl of 0.03 mg BCA/ml as injected volume.
Absolute methanol and chloroform were obtained from Merck. 3-Carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin-1-yloxy (carbamoyl), 2-(3-carboxypropyl)-4,4-dimethyl-2-tridecyl-3-oxazolidinyloxy (5-DSA), 2-(10-carboxydecyl)-2-hexyl-4,4-dimethyl-3-oxazolidinyloxy (12-DSA) and 2-(14-carboxytetradecyl)-2-ethyl-4,4-dimethyl-3-oxazolidinyloxy (16-DSA) were from Aldrich. Dimyristoyl-L-K-phosphatidylcholine (DMPC) was from Sigma.
Liposome preparation
DMPC (5 mg/ml) was dissolved in chloroform and the solution was evaporated under vacuum in a rotary evaporator for at least 30 min. Multilamellar vesicles (MLV) were prepared by mechanical stirring (vortex mixer) of the lipid ¢lm suspended in phosphate bu¡er (pH 7) at a temperature above 23³C, the DMPC phase-transition temperature. Unilamellar liposomes were formed by extrusion of the MLV suspension through polycarbonate ¢lters (0.1 Wm pore size, Nucleopore, Pleasanton, CA) using a commercial extruder apparatus thermostated at a temperature above the phase-transition temperature of the phospholipids. The procedure was repeated 10 times and induced unilamellar liposomes which had a mean size of about 90 nm diameter and whose polydispersity was very low [19] . Liposomes were prepared at a lipid concentration of 7.4U10 33 M and then incubated for 1 h at 25³C with BCA in methanol to achieve the desired ¢nal concentration of lipids and dye. Under our experimental conditions, the ¢nal methanol concentration was 2% or less.
Fluorescence and absorption measurements
The £uorescence and absorption measurements were carried out, respectively, on an SLM-Aminco Fig. 1 . HPLC analysis of (A) a freshly prepared BCA sample and (B) a BCA sample which was kept at room temperature for 75 min before injection in the system. 500 spectro£uorimeter (SLM Instruments) and on a Kontron spectrophotometer (Uvikon 941 Instruments). For £uorescence measurements, 1-cm cuvettes were used; absorption measurements were performed in 0.1-, 0.2-, or 1-cm cuvettes. The temperature was controlled by circulating thermostated water through a temperature-controlled cuvette holder.
The aggregation mechanism was investigated in methanol and phosphate bu¡er in dependence on the dye concentration. BCA, being poorly soluble in phosphate bu¡er, the solutions were prepared by dilution of a methanolic stock solution. The ¢nal methanol concentration in the aqueous solution was 10%. The samples were carefully protected from light and mixed during 1 h before measuring.
Electron spin resonance spectroscopy and spin labeling
The lipophilic stearic acid spin labels were dissolved together with DMPC in chloroform before drying the solution under vacuum. After hydration with phosphate bu¡er and before extrusion, ¢ve cycles of a freeze^thawing procedure using liquid nitrogen were carried out to improve the incorporation of labeled stearic acid into the liposome phospholipid bilayer [20] . The molar ratio of label to lipid was 0.01 to assure the complete intercalation of 5-, 12-and 16-DSA in the membrane [20] . Water soluble spin label was dissolved in phosphate bu¡er and added to the BCA^liposome suspension.
The ESR experiments were performed at 9.56 GHz with a Bruker ESP 300E spectrometer equipped with a variable temperature controler accessory. All measurements were performed at a constant temperature above the DMPC transition temperature. Spectra were recorded by using a 50-G scan range at 20 mW microwave power and 1-G modulation amplitude.
All nitroxyl radical concentrations were calculated by double integration of the ESR spectra and calibrated against a standard solution of carbamoyl. The decrease of the signal amplitude was followed as a function of the illumination time because the shape of the spectrum did not change. Nitrogen bubbling was used to eliminate oxygen from the di¡erent solutions. Samples were irradiated directly inside the microwave cavity of the spectrometer using a high pressure xenon arc lamp (XBO 150 W, Osram) and a cut-o¡ ¢lter eliminating light under 250 nm.
Results
E¡ects of aggregation of BCA on its general absorption properties
The concentration dependency of the absorption spectra of BCA in PBS and in methanol was typical of an aggregation process of the dye molecules much more extensive in polar solvent, like water, than in non-polar organic solvents [21] . At concentrations weaker than 10 35 M, BCA spectrum exhibited a double-band absorption peaking at approximatively þ 355 and 385 nm and two other peaks at þ 525 and 760 nm, respectively (Fig. 2) . These three peaks demonstrated a slight red shift with the decrease of the dielectric constant of the solvents studied. With increasing time after the preparation of phosphate bu¡er solutions, the absorption spectrum of BCA showed changes leading to the development of an isobestic point (Fig. 3) . These time modi¢cations can be attributed to a change in the monomer^dimer equilibrium distribution induced by the dilution mechanism of the BCA methanolic stock solution in the phosphate bu¡er suspension.
In methanol, the extinction coe¤cient (O) of BCA was not appreciably a¡ected by changes in concentration in the range of 10 36 to 10 34 M (Fig. 4) . Above this value and in PBS as early as at 10 36 M, any further increase of the dye concentration led to the attenuation of the absorption band at 525 nm, the broadening of the maximum at 3553 85 and 760 nm and the formation of new bands (shoulders) at 540 and 805 nm. These shape modi¢-cations interpreted as a concentration dependence of the extinction coe¤cient (Fig. 4) can be attributed to an aggregation process [22] , the deviations from the Beer^Lamberts' law being larger in water than in alcoholic solution as is observed for many classes of dye [17, 18, 23] . In PBS, the presence of one isobestic point at 782 nm (Fig. 5) re£ects the existence of two various dye species, probably a monomeric and a dimeric form [24^27]. Higher aggregates were not observed in the concentration range explored. Since for BCA in PBS the aggregation process was very extensive even at a very low concentration, it was impossible for us to resolve the dye spectra in terms of pure monomeric and dimeric states. The following titration method [21, 27] was thus employed to evaluate the dimerization constant K d .
The ratio between the molar concentrations of dimers C d and monomers C m at equilibrium gives the values of 1/K d by the law of mass action [21,23^27] .
where K is equal to C m /C t and C t = C m +C d . When solving the quadratic equation of K, the following expressions are obtained.
The absorbance (Abs) being given for 1 cm optical path by
with O m and O d being the molar extinction coe¤cients of the monomers and dimers, respectively, the substitution of Eq. 3 in Eq. 4 allows us to write 
and 10
33 M, led to a value inferior to 1000 M 31 . On the basis of the above spectral considerations, the spectrum of BCA, in methanol at a concentration less than 10 34 M, was used as representing the monomers and the value of the corresponding O d is given in Table 1 .
Among the various parameters which can in£uence the aggregation in the process, the dependence of a BCA dimerization process was examined as a function of the pH in the solution (Fig. 6) . A pH decrease accelerated the establishment of the monomer^dimer equilibrium and induced a red-shift of all absorption peaks.
Binding to liposomes
Generally, the partition properties between the lipid membrane and water aqueous phase can be monitored by recording any optical change in the £uores-cence or the absorption spectrum of solutions made with various lipid concentrations and a constant dye concentration [23^26]. Fig. 2 red shift of the peak at 760 nm towards 766 nm. Above 10 33 M lipids, no further shift was observed. In a vesicle suspension, in which all dye molecules are bound to the bilayers, any additional signi¢cant amount of BCA-unbound molecules must result in a spectrum which is the superposition of dye spectrum in water and dye spectrum in liposomes. For a ratio of concentration [BCA]/[DMPC] s 1:125, the resulting experimental spectrum presented a shoulder in the band at 760 nm all the more important that the ratio was greater than 1:125. The spectrum obtained at [BCA]/[DMPC] smaller than 1:125 was similar to the BCA spectrum at the same concentration in methanol (Fig. 2) .
Incorporation of BCA in liposomes caused an increase of the £uorescence intensity (peaks at þ 770 and 670^680 nm) in comparison to its intensity in PBS. This increase was studied as a function of the lipid concentration at constant BCA concentration (1.2U10
35 M) in order to establish the ratio between dye and lipids at which all the BCA in suspension may be considered as bound to liposomes. When the total lipid concentration was increased above
1.5U10
33 M in the interval 1.5U10 34 to 2.5U10
33
M, the emission £uorescence reached a maximum (Fig. 7) . The corresponding ratio between [BCA] and [DMPC] could be considered as the limit of incorporation of the dye.
Dependence of reduction rate on spin label localization
The £uorescence experiments presented in the previous section indicated that poorly water soluble BCA appeared to be completely bound to DMPC liposomes when the dye-to-lipids ratio was less than 1:125. In the present section, we present an ESR study of the solubilization depth of BCA within membrane. Under the condition [BCA]/[DMPC] 6 1:125, it was reasonable to suppose that 100% of the dye was taken up by the liposome.
The reduction of nitroxide spin labels, intercalated into BCA-treated DMPC liposomes or occupying the external aqueous phase, was measured by ESR upon irradiation with visible and UV light under anaerobic conditions, in order to investigate the location of the dye incorporated in the bilayer. In methanol, the ESR spectrum of the stearic acid spin probes (5-DSA, 12-DSA and 16-DSA) consisted of three symmetric absorption lines nearly indistinguishable from each which can be expected in a homogeneous solution. The incorporation into DMPC liposomes resulted in a change in the ESR spectrum of the label which is characteristic of strongly and weakly immobilized species (Fig. 8) without contribution of n-DSA present in the extra-liposomes' aqueous phase. The corresponding calculated order and correlation time parameters are in good agreement with previously published results [20,28^30] . The addition of BCA did not cause any change in the spectrum.
In homogeneous solvent, like N 2 -saturated methanol, the series of n-DSA (2U10 35 M) studied were reduced at similar rates in the presence of photoexcited BCA (2U10 35 M). The reduction rate was linearly proportional to the BCA concentration and, in the absence of the dye or under O 2 , no variation of the n-DSA signal amplitude was induced by irradiation of the sample (data not shown). On the other hand, the kinetics of signal amplitude reduction in BCA-treated DMPC liposomes were a¡ected by the position of the doxyl moiety along the stearic acid chain. As shown in Fig. 9 , the amount of 5-DSA whose doxyl moiety is close to the membrane surface decreased as a function of time whereas, the reduction of 12-DSA and 16-DSA whose doxyl moieties are deep in the membrane hydrocarbon region did not show any signi¢cant reduction. Fig. 9 also exhibits the reduction of the water soluble carbamoyl which kinetic was between those of 5-DSA and 12-DSA. In any case, the shape of the label ESR spectra was changed. In the absence of BCA or light or under O 2 , no variation of the spin label concentration was observed in the liposome suspension.
Irradiated BCA was able to initiate a reduction of nitroxide occupying the external aqueous phase, while reduction of nitroxide embedded deeply in the hydrocarbon core were negligible. This result, together with the signi¢cant change in the 5-DSA concentration with time, suggest that the BCA solu- bilization site is located in the membrane bilayer at the outer surface.
By measuring the 5-DSA reduction rate when the concentration of BCA was increased at constant lipid concentration, it was also possible to check indirectly the limit of dye incorporation found by £uorescence technique. When the BCA concentration was increased from 7.5U10
36 to 5U10 35 M in the presence of DMPC (7.5U10
33 M) and 5-DSA (7.5U10 35 M), the spin label destruction rate increased until the ratio dye-to-lipid concentration reached 1:125. Above this limit, the reduction rates were essentially the same as shown on Fig. 10 . This observation could indicate that under these experimental conditions, at least a portion of the BCA molecules resides in the aqueous phase and are not able to destroy the 5-DSA situated in the inner lipidic phase. This result would be consistent with the saturation limit obtained from the £uorescence data.
Discussion
The broadening and attenuation of the principal BCA absorption band, the apparition of shoulders and the presence in PBS of one isobestic point in the family of absorption curves were attributed to a monomer^dimer equilibrium. The deviation from Beer's law was particularly intense in water which is well known to be the most favorable solvent to aggregation processes because of its very high dielectric constant [31, 32] . Dimerization occurs at concentration as low as 10 36 M. The dye in methanolic solution is predominantly in monomeric form.
As shown in Fig. 6 , a pH in the range 5^7 favors BCA aggregation process. The e¡ect of lowered pH on the dye absorption properties is a well-known tendency of molecules with similar structures, their behavior in aqueous solutions being largely dominated by protonation and aggregation equilibria [33] .
Among the various models which can be used to investigate the interactions of dye with membranes, liposomes are the most studied [34] . DMPC small unilamellar vesicles were chosen because this suitable system involves saturated lipids with a transition temperature of 23³C easily accessible. Two techniques were used to study the partition and the localization of BCA in liposomes: the monitoring of the dye £uorescence and absorption spectrum changes and the kinetic studies of spin label reductions.
BCA is incorporated into the lipid phase of DMPC liposomes in a monomeric state as indicated by the absence of spectral changes when dissolved in an organic solution or in an aqueous dispersion of DMPC liposomes at a dye-to-lipid ratio leading to complete dye binding. Like many other £uorescent dyes, the emission and absorption spectra of BCA are highly environment dependent [32, 33, 35] . Monomerization induced by dilution in liposomal suspension causes a red shift of the absorption maxima with a concomitant increase of the £uorescent emission. The DMPC liposome titration against a constant concentration of BCA results in a saturation curve of £uorescent enhancement. The BCA spectral behavior indicates that only at a lipid-to-dye ratio greater than 150 is a complete incorporation of the dye ensured.
Hydrophobic dyes like BCA to accumulate at different sites of the liposomal double membrane [16, 36, 37] . The kinetics of nitroxide spin labels were used to assess the dye localization in the biomembrane accurately. The control of such spatial distribution is very important for optimizing the e¤ciency of drug delivery from liposomes to cells [37] .
As shown in Fig. 9 , the DSA reduction rates are a¡ected by the position of the doxyl moiety along the fatty acid chain. The more e¤cient quenching of 5-DSA, together with the absence of any signi¢cant reduction for 12-DSA and 16-DSA, are in favor of a localization of the dye near the polar head interface. Indeed, it is well established that the mean distance between the fatty acid carboxyl carbon and the carbon atom to which the doxyl group is bound is approximatively 8 A î [20] . 5-DSA explores the polar part of the liposome and its rate of reduction is controlled by the accessibility of the doxyl moieties to the reducing agent, in that case, the excited BCA. Thus, the high rate of reduction obtained for 5-DSA suggests that BCA is located in the external surface of DMPC liposomes. Moreover, the observed reduction of the water soluble carbamoyl clearly indicates that at least a portion of BCA molecules resides close to the membrane surface. The 5-DSA ESR signal decrease is also sensitive to BCA concentration at ¢xed lipid and spin label concentration (Fig. 10) . Reduction rates increase with dye concentration in the range 7.5U10 36 to 5U10
35 M and they remain essentially the same above 5U10
35 M. Although above 5U10 35 M, dye and spin label concentrations are comparable, the concentration of excited state BCA is much less. Indeed, previous studies concerning bacteriochlorophyll derivatives have shown that the typical value for triplet quantum yield was estimated at 0.4 and our preliminary experimental data (data not shown) have indicated a value of 0.6 for BCA triplet quantum yield. Under those conditions, the step observed is not the consequence of an excess of dye in comparison with spin labels. The absence of any signi¢-cant di¡erences in the slopes at a dye-to-lipid ratio higher than 1:125 is not a surprising result with regard to our £uorescence data which suggest that 1:125 corresponds to the liposome limit of BCA incorporation. Since our ESR e¡ects of the position of doxyl moiety on the rate of reduction of DSA show that BCA is located close to the polar liposome interface, the 5-DSA reduction rate dependence on BCA concentration con¢rms that the rates of reduction of DSA is controlled by the accessibility of the doxyl moiety to the dye. The limit step observed for the reduction of 5-DSA re£ects that above 1:125, BCA is no more solubilized in the liposome, but in the aqueous phase where contact with 5-DSA becomes less e¤cient. The ESR quenching data fully support the £uorescence investigation. Moreover, they provide more detailed information on the BCA intraliposomal localization in unilamellar vesicles of DMPC.
